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SECTTION B. DESIGN AND FABRICATION OF ELECTRODIES, LEADS AND
CONNLECTORS

R.2.1.2 Polymer-Metal Foil-'olymee («PMP) Cult Flectrodes

Inorder o charmctenze the Tuser meachined stiucture i the solsmer mesal foil-polymer
clectrode, simple versions of the plainun serpentine straeture were ereided and wensile wested.
These structures were pasle serpentine paths with a betght of 1o a tackness o 000 mmoand o
snacing of (2 mum, These are the sume dimensions as the busic loop pattern i the cerrent PP
elecrrode design. Onel two and tve path structurss were maendactonsd W determine if the
awhibnien of paths had anudditive erffect on the spring constanl, Simes the stitfoess ol e
slutinunt s an tnportant vartable o o imche cudf fabricalion proscess, this west provided
slrhil 1ne e stfness added Dy the basic serpentine comduclor design, One of cach of the one.
Cwen, i T Dt soretares were weest e testeds Anotier set ef one, tao, wad five path
strietures were Bmialed and then tensiie lesieds A ser ol te S0 thick MED-4330 Silicoae
rulber steeting, which weas used ke aninaiion of e strocteres, were alse tensile tested. The
ceometry ol twe samples is shown in Table B and e tenstie curves ot cuch saemple are
cumpared i cthe graph m Figwee B

Table ol The geomeny ol the platinmn and Leninaed serpentine structures fested
are shown i s tebles hosder for the 7 dizferenl samples to be compuared. ther
seomelry's were Btored oat by transtorining thei ensife curves meo stress versus
stradn. This curve yvicldsihe Young's Modulus of cach sample oslope of 2w stress versues
strann carver. The modal are shown below [or SN SO,

Platinum Structure | Spring Constant | Width | Thickness | Gage Length | Young's Medulus | E Deviation

Tensile Tested k* W i | E"” in Regression
Nimm mm mm mm N/mm* 2 Line
1 path 00745 1 0.0z 10 14 900 {.003
2 path 02625 Z 0.08 11 25,280 0,002
S path 07045 5 0.0z 10 28184 0.00C
1 path laminated g--2 1 J15 17 22 740 0.008
2 path laminated -.439 Z J1E” 10 48 977 0.004
5 path laminated 10474 5 N 10 41,553 0.007
MED-4550 silicone 0 G408 ] 005 254 3454 0,060

“Tre thexnesses of “he lam nalec struciLres were scrsiderad to pe C.05=m for Maoduli comparison
The slopes ¢ the tenslz cLrves zertain anly fo the dalz contained withir the range of maverent of the
cuff corpenants (<18 34 nicrors;

L




PR 70 NOT-NS-6-23460

Tensile Curves for 1,2, and 5 path laminated and
non-laminated serpentine platinum structures
shown with MED-4550 silicone rubber sheeting
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Figure B.1: This graph reprosents the predicted range of eestle movemeny Tor e
cotnaenents within a munubaciieed i inner diwmcies poleiner mictal foil-nolvmer
sl ostone sorel cuts clectrade. The duan evenzs bevaoril the seoton shown, The
mrasimum estimated st that the platnum struciure mas aaderge dusing imanatacture
I shown e the graph by the stars tor o 200 200 and Lo cuft electrade.

The regren shown m the graph above represents the expected stram neateredy would have
o aecommuadate when tae cull curls. The expected stras wos calenlated by sswning that
cieng wits cconnodated by stretehing the owside o the cotd. Calewiaions were performed
placing b newtral axis on the extrene edzes of Hw ceil thicknoss, The masicicm mevenent s
secn when the neutral axis oo the insede edae of the saciched Tuver of the ol This
calenliim s sk helow.

The maaaninm sirain the phaaen will wederge will vecur when the oewtrad axs s
lewcitteed on the tnsicde of the stretehed Tayers "Fhe nlatinmnn structire would be located at
thivkness of approvimately 0073 oun tron ke inside edges Assuming ne change o
Prickness, e siain can be Toumd by coleclaing e change i the circamterenee as
Tl
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Toid = U750+ 20003) | = circumyierence

_ mlved + D73y 204003 j||—,-*-:tfi — 3 20005 .nl
Nredhn o — — . — —_—
mid 1073 d4 0TS d+. f)m
Sunwlen =3 o = stowa= 0325 anndem

=2 — strwn= OS2 mdfem
d=1 i — st =08 30 mf s

e I3 b masinant ostioated stranns ae wirhan

A seenn P aslie region far the
lerges s, but fothe plustic repton tor the smadier cults, When the steidn Bos wttion the [“];h‘liL‘

Fetees this imcivates that e ardaer tor Ih calr v el the platinuns muse be plestics

[y adorormed
sell, Koowmg the maximmuom strans the pluticwn s
lercnove Lo acconuodute wach celt .‘-"]'!.-:, the structuse v be destened inosuch a vy thi the
clustic region ol the cirve o extemded bevand the straies reauoed. As each new desigin is nuude,

andd will ne retirn Wty origl

De strnetaee can be Lvn-'i|c tested tosee ahere the clastef/plasie trunsitian oecers,

The stupes of the elustie regons of the tenstle curves were analy zed 1o west the hypothests
that the mechanic:l ]mspullu are adidhitive ws the nember of paths are cwereased. Toe average
Yuourg's Modulus ko Il'-r M s ATIAUN, wn amnied
structures it was 23 122, []u average [ Twsheets af <licene rebher slus one laver of

Salomer ;;1:'3;:[‘-;1'-.L|1;.11ul aa three \t]CClh I h.“CuIIL‘J wus 105420 Addima 10512 and 23 122
vichds Aaa6ds Tthen apoears i the Yeunge s Modulus of the Lnninated strectare 18
approxinsuely the nedolas of the non-amimated strectiese plus e medulus of twe slieets of
silicane rubbaer sheeting plus a Ly er of clastonwes, The sample siee for these structures wis oney

WS sSIMple par b pe of stracture. Stowsd o hover saepie siee be tesiedl 1o bepothesized shat
'.Ih: Young's Mocalt will greny closer to e wildinive Qieory deseribed abwve

B.2.4.1 Silicome Rubher Shecting

Tlie goal ar s prodect wes 1o s Sieanions o the silicone

rubber sheeting wsed e the spoad cuil L_'|1.'L'||'R‘-'L1L HISIRULTSHN lhxlk were conductizd o detemnine
the mechamcal wid physical propertes of Sene dittereet stheore rabther sheeling formulations,
Addimonalas cwe mvestigated the ellfeces of aging and sterlizeion an Cese roperies

Results e testing were seported mperiods 6 taoagh Y The ILJ;[I]L}]].\}H]] Iklwutn the
stradn put en che sretehed silicone sheet durnmge manuractune aed te fimad moer dnneter ol the
cuft s o e studivd Turtaee i this peraels Due o cendor sacerial probless, weowe!hnot he
able Lo complete tals siudy witha e timaetrame af the contruet

B.2.5.1 Ilexion Testing

simulated Aging with Flexion Test

Foar sets of »entts were placed m Tedr 230 mll dasks contaning ¢ phosphate batifered
sdine sodution held wr 8370 tor 28 davs. Fach coft 14 mm o wadth and at least [0 o oo
lenath, A sy miiviore ol 2% 00235 COCand 935 N was conunuously hubbled through the
Flasks, The flasks were el e ot pratedsirers A 36 om naznetic strrer burwith a bem
dimmeter was ploced oo cach Task amd stirred <o than the salubon formed aovertes apperosanstely
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(i) mbl deeps Adera 28-day pesiod. the cutts were removed and teesile wested o failure. Tha
cage length ol the cells was 8 nun. Contred cuf?s. which were notaged, were also wasile tested,
The four sets ol azed cutts wore cat Sromi e surrounading silicone material Sron: four

[=

sulrodaes that were
wil tabrcated o duw same wan . wsing the swue material< and within a two-day period. The

differeat clectrode Tabricattons. Tavse electrocles were mart o a batch of wn e

ot cuft selbwas coneprised ol two cutts Srom cach ol the Tour sets o be aged. and from
surrounding material of ether electrodes munufuctured mothe boteh of ten deseribed abwve. The
Sour aeed proups and two controel proups were luier statisueally analyzed by contbenng the aged
groups e oo aed the contrel groags o vie, This s done <imee it sy seiieved (sl the

onlv vanunee berween the respective erops woocdd be due to cavianey i tabricaton.

Fuach setof cufts, aged and concrol o were wesile tesier. The wesile curves for the culfs in
each st were averared o obias average daty poisis v i e aowensie cueve Tor vach sen 2
control <els and = aged setsin The Hrst linear reglon ol the casves was studked s detenmine the

spring consiant, Thits region of the tensile curses is showsin e graph below,

Cuff Tensile Praoperties with Simulated Accelerated Aging

i T S .
45 CAcec 2 of 10 (n=7) y = 02182y
5
DAgec-2 of 10 (n-7) ¥ = 0222«
4 AAges-2 of 10 (n=7)  y = 02716x
3.5 ©Aged-5 of 10 In=7) = 02801 i
3 W Contral-set 1 (n=7] y o= 0 263x.
® Contrzl-sat & (n-6] y = 0234
2.5 '
2
1.5
1
Ch
2

g 2 4 & B 10 12 - 16
Displacement (mmj

Figure B.2: The graph above contains the 1750 Hncar cegion of the rensile
Curves Jurthe six grours of cuths stadied. The fiest Zour eon e charl were
deced dmd wre nared wecosdinge G the lectrode Trome wbiick e cufts were

L. Tenn be seen hat e control sroups e mtersersed with the agec

SO,

{2

18
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The spring vonstants wers then fosnd ter the tsoo croups of cufisneed and cortrnl. The
spring consticls th were Tound by kg the ks for cach werside curve wnd wversging them. The
spring constart for the ared group of cul?s wis found o he 02312 Ndam™ and e spring
constant for e contrel <ot s 218 NAamar. A stucents U iest assiwenng syguas] varanees and a
null biypothesis thut the means are coual was pertormed vn these wn data arcays and reveualed an
slpha ol 06237 tor o two-tanled profability distirbunen, schch micans that we cannot ¢Lam ih
the two sprirg constants are stanstiically different. Anather student’s 1-lesl was then perfonmed
onthe duta alter adding one <tindord dex Jation tothe control set Thi test prodoeed o alphe of
GO146.0 This cuo e pterpreted oo mean that e two spring constants are sl ong standusd
devhiation of one mnether. We concluae il there wiis no sianifican: measucable change in lhe
leasaic properties of the sthicone vubber cafts alter 28 davs of simu
mechuracal movement,

Four PYIPS electrodes were aiso aged i flasks at 85 O For 28 diav s anoaber platedstrer.
These cloctrodes wore IEpeciod using sisuil

chserved. The clectredes are also beine wsed 1o the corresion westing project 1 sei

ated vecelerated aging and

mmciascespy . Nocdelamination ordamaee was
oo BL2520
Cace the stmulation s fntshed, te eleciredes will e examined sz heht microscopy and
Sownnmine Electron Microscopy 5EM

I additien o esting the el samples of 73 i thiick silicone sheeting wall underygo
sindaled aping seder stresss Sanp

¢ graups af the sheeting woall be contral {oowginn and aped
with wiress, The sged el stress group will conun preces of siliwcone rubber sheetonr that ave
Brean stretched and pluced mea e dazimg wgmgs Dots of wdbesive swall be placed on ilie
shecting betore <oretclune o order e illostrate the chanze 1 length after the stretch ool afeer
aipmg. Phe saunples swall be placced i e temperaioe bath ac 85 C Tor 28 davs, Alter the 28-day
peiod, any ceiasstion e sileane wall e meisieed by observing the mevement of e
achosive rrarkers. Tos will arovice formuaion recardme thie self-sizng and inmer dioneter arf

e cult i vive.
B.2.5.2 Corrosion Testing

Numples

T sets aof e electrodes are being wsted for corroasion, Qie ot conticns electrdes
bt nove Lndercone somusated acing, These wee the Tour electoedes wesicd mothe Shvoianed
Avined Flevion test o sechon BL2A0 0 The other setvontains taee electrodes that were used i
Hno testrsevson B2 21 Fhuese sumpics represent electrodes that his e been Texed
beyomd whae 15 expocted duciog manutactie: and unplant. They will provide ieformanon an the
wienshin berween Bngue from flexion wed corrosion, The romalning two swimples are anused,
mesng ey firve necbeon Tlesedl aeed, or tested sines nanolacnure.

thic ri

[

Stimulation

Pour elecirodes isets ol laa runnieg i paraller s are palsed slhe maximunt sxeeeted
stilus porameters. Soecieabls . they are palsed contimuonsy oo 20 Heowith bephosie, charoe
balaneed, capacitive conpled rectangubor wivelor il 3 ey swith T palsewidth and 0
lerphase delays One electrmle 4 contacts )y recenves 3 anedie carrents aned T readoni conirol pna
plosingt, The <erend clecimode receives 3 cathodic currents i §orsndors contrel. The resultng

vintage between cacls elecimoce centacl and asaturated ool relerence elecirode 5 measured




PR#HENOD NS #2340

wsang high pac impedance cHE7 0 budTer amphides and an RMs voltneer. These

TCasurerents we Tuken twoe cach weck.,

Bath & MMedium

The test is ran koo bazh ef phosphute huffered sa 2y

ine solatons A pas mistoee af 249
Oravyren 5% Curbor Droside. wed 93% Nerogen s continuouslv bubbled threoueh the Thisks,
The set-up for tie et is show o the fgure belew,

Calemcl electrade

K
Gas Supoly | g
59 CO2 :
93% N WAl 4
carbaon fiber

pas diffLs on
frit

Gas Out

-, - L
contiol _—-—-"‘—7\( P - - contrel

4 5
AN Stimulator
FJ | LY
1/ 72 AN 5 B
C A oA oAl
i

Channels tor 2nd set

Figure B.3: The schemuatic above ilhustrates the gus How and electrical connectious tor the

clectraochemistoy corroson lest, The ports shown tor e iserton of the caiomel electrode are

dlso wsed ter add ulira

e wuler U neeessary wnd to Lake samples for cnalvsas, The '€

Cound TAT

o the sturobator stand for Catluwsdie and Anodie currents, One of the leads. the comral, s o

connected to the sumuiator. Carboen fIher bridges the electrodes allowing for curment 1o puss
between Plusks. Two one electrsdes we nun snvotlancausly wsing the sanwe setep, The

-

prardmeters Jor Ui st are acurrent ol 3 A oo pulsewidibof T s, s ireguency of 20 He, und o

churee density of 1S uCinn.
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Testing

The ozt ol platauiun soluben wic] be wsted befere the test bewsins snd atier
the 28 day penod. SEAN w2l oe performed an a conteed sroup ot three elecirodes (12
Atimulation sites bt aeve not heen wsted, Microscope msoection sed SEN will also e
perfonted on the stimadation sites of the tested electredes €32 sitesand o9 @iy suspected
cosTosion stics cremove sulatione This svaluanern will toke place aiter the 28-day s

writond Depostts ob corrasten sl also be eacenoed Tor elemenlal cotmposizng a-iowg
ERAX The clectodes wiall alse be oxanoed Tor delimninaton,

Results
Tlie tirst sed o Fowr clectroades completed the 28 oy stimaluticn, These
clectiodes were remeve! rom the sicineg saluion, alloveed 1o dev then cleaned and
inspeeted using Teghe noacroscopy. They were wl=o examinated using scanning eleciron
mucroscopy. Results frem comparsern of tha comdition of te stimulation sies afler e
stnnulaniear and Swe coutrol petures wit] e discussod 0 e nest repont.
The comount vl p

atinun m the zhosphate hetlered saline <olution wis alse ipeasares
sofore and abter the 28-Jay period. The carban fiber electmodes swere wiseested Tor plutonwm a
the end of the 28-dav test Nooplatian was detected o the baseline samples. Fhere was wose oo
platiowen derected e 28-duy samples. The detection Tt for platitwem was 000 g per el of
solution. These results were mtergreed o tndicate that if corroston ocearred during the 28-day
posiod it wes below are detecton Tonirs,

[ order wy prodic: tre e of this electrade. it as usoful e corsider o bvpieis stimnolas
reriime Tor o prosthichic deviee, Estimates of band grasp prosthesis use report that she system
reyures ZO000 pusses porJdov o wscing 205 million pulses over o lve-vear period. The PMP
clectrodes wested wore stimulated ot a rate of 200 palses persecond ever a 2x-duy eriod. s
cipdaies 1o AN ANEO00 pulses delivered o cach contac: simcled Toree contieis were
stimulaked per clecirode which, when sdded, equals FE2TRZ 0K pelses. Beouuse thers was o

loss o2 olutinum. withi the detection fmat s reasonable toosay that the elechrode shoud st at

[t 2 owvears.
3.2, "Aceelerated' Aging

Podsmer serfoemance s dicectly relared so hiow ns steocture, and therelore mesanicd!
proprerties, change witi tmwe, 1ty desired o fd arelatioeshis between the time o golvemee sn
use. or storec. and the emoeratire wt whichns used or scored at This refationship would allow
For an aecusile way to perform aceclerated agiig tests, Toootber words, o polyvowr could be
raisad o an e lorated termperatire over o shor pesiod o tme in erder o sendlate the wang v
wolld see over doaemeer nerhad o e,

W at the Applied Newsnd Conrol Daboraters an Case Western Reserve Ui eraity huve
been scarchima Tor swavs e estinate 10 aur clectrades will "hold up™ insude the bods Tora given
rumber ol vearss Weowonhib hke to be able we el any interesied perty what the B expectancy

ant the
clectrade fevive wnd detenmme whorsic fals. s process could sake many years, Tmproved

ol sur elecrade iso Curently the only accurate say of mcasuring electrode B is 1o imp
dovives wnd materia changes are oveurring rapidiy o the field of blonwedical engineering,

Booise of this b e pecessiny to avoelerute the wemy process <o that o e espectaney estimate
caun be made within a rore tisels pesied. such as o few montls, Saeh seeclerated aging

l.‘l
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processes bove been pertormed prostousy oy anoreasiong the tlemperamture that the specinen is

a

1

doat beiler o make such wonestimate. acelutionshap bess cen me and 1emperaiune
HEPTOBTLUG Tor poovimiers miist be founil

Rescarchng iemperature aceelerved agng revealed hree culegorios of methaods that hive
been dsedl orare suggoested s be csed B the "aoceleraed” aging ol pelyisens, These models are
the Darsen-Maller meadel Archertas hase D models developed sy Hemumierich, NAMSA L and Rdel,

and womodei o deveiop e arensbir aosgue o appheation relerred o as the DacA model,

Maost of these eleds hive orieins e are based an the Acrhenius rate law. This L slates that
the rute of Lsmele ttirst-arder? chermncal reaction depenads v temperature and is <tated
according i Nelson as Tollows:

Iate = Aesp[-LA LT

1= the activetion enerey nl the reactie

ho=the Balizmann's constnt PG 170107 clectzan volts per =Co

T = the abhsolute Kelvin wemperaure

A= consant that s chacacte st of the produect tadere mechanisn: ani

whiae

test comlitiona,

A rindel thut bas beea wsed prestously was o ume-temperature relabenstisp developed by
[aesen amd Maller i 19320 Tons relations<hip s Based oo the etfect of leeipercures o tnee 12

cped Tor the Tz predictzon o allosvss TCOwas Knewn that creen, iemnnering, and

creeps T was dewe
diffiem ali ey rute-process theurie s, The Lursen-Mller relalionsaip s piven by the

lollow g

T a204ioat =10 20+l

wher T =amlnent temperaiury
1=t durstion ar aibeert remperdaure
T.= sgmg lemiperaliie

1=l dursction of aeing.

This relavonzsbip s sbhown by Larsen and Nller to work tos metals with sood wecuracy . The

theory celates womg o ereepswhich paeuns that 0 the molecules ea given eadericl e maoving
wway Trom one amother o o gh tesperatures foreep: then dhe maternal @5 bemy wzec m an
accelericd rawe, Iseeted logicel that coeep oy responsilile oz the degriclaton secnering
cr pelvimers, Ao g we oy be g e racerial, we e not certaie as to Be pattivubar
selaticnship betaeon the lemperndare anc e e sinee the theors deseribe:d] ahove relates
speciieally to metals.,

T daly of T99s, the Medioa] Plastios and Bromaderials magazine peblished an article en
anagme theors tor oedicel devicess The awthos, Hemmerich, develops oo theory tor ensaring the
pecfortmmanee of palviters aler bomg stoeed tor a length o time. This model | Luer referred 1o s

e Hommerich mocel, was developed wrownd the collison theory-hased Arrhenos medel The

ke ] eous Folloaes

[T}




PR

ATNOT-NS-06-23410

|

TIME, (111
Q .I‘.I. B .I-ln-. i b

TIML., =

whele 1= aging remperalure
T, = wohient temeratare
TIMELE., - tme durction of weing
TINL,, - Ume durationr at wnabient temperatere

(0, = reatian-raie coelticiens,

A reaction-ruty coelTieent of 240 Iy thie aenerally nocepred sie Dora Dest veder chemiical reaction,
P s censervative rate and 3

At st i model seemed W be the ansver ta our cuesiien of aceclerated wone. Itowias
specitically developed Tor polvimers, and althiougd i looks al shelf e of polvmers, this could

L wonlD e e s nsesve rate Lo this oode ],

casily be used toran g vive cepresentation as wello Unferunalely, the author suzgests an apper
teniperuture T tor the aceelerated westing of G0°C, Tals it enly alows an ueceleranion rale
of L6 whach Tinbs the bene o of the cecelersted westing. The recson for thus Tl s explared

b Hesnmerieh, " the accuraey ol the assummpions oo which t
harple as zocater covmetris muliplication Bactors see sprplicd with greater deviation from
b ermnpercure.” This statement leacs ta the conclusion shat the nwalel proposed by

s metod s Prased decones

Llenmmeries 1= el sewmite abose 60 O
Wil connacied Devid Porent at S ANS A swho woorks with aece
Tor e shel-1ie ot medical des tees According so M Pacense the model e NAMEA uses 1o

crated aging weshng

determine the aveelerdny mte oy s Tobluw s:
. TN
IME, —
T
Wl TEANTE = 1umie durabian of wginy

TENTE .= 1ime curation ab wmbient respesilure
Tl=gging rmperature
T2= ambhiertwerperaars.

Thes model s also only recommended Tora T2 of 007C ar less Tor the same reasons s

stted by Flommerich shove, Both of these made
contctirs witk the wmperaowess Eoaie 10 is alsoimporto fo note hae e avcelerated sping that s
dealt s i the Tumerich article and by NAMS A is all shelt e wesung of polyvimers,
However, it s helioved that thwese pudels can be vsed tor the fi i simnation of an g i
Feded by usinge e winperatire soatk the bady instendd ol the room temperature.,

Dyovad Bdelw feliow NI centractor it ihe newral prostbiesis progron of MIT wses g life-
temperaiue relatienship bised an the Arrheniis Aceciericion Factor, Assumine a fost-ardes

s e based o e Arhemus equation, whick

chermcal reacton degrdution provess, i states




PR #10NOT NS 6 2346

Keexpielikn o1 T -0 1710 s

w e K = Arvhencos aeceieranon Fnetor berween e s es al coach temperuture
E = the activation energy ol the reaction tassmued 1o be eV
k= the Boliznzma's conslan: 3.0 730107 electron-valts per “C
T, = amibical wenperanme

T =aging lemperaiure,

The sesalt ol this calenlation s thad the speoimen betg tested will run K imes Tonger al
T, thwn wt T Drased Lded bas usead the mvadel at aglng temperaiures above 607,

Toe st medel to be discussed bore bs relerred toas the Da&A mode] T narmad
sler authors Donohoe and Apestalou and develons oomode] untgue o pasticular
sACCETen by using past Qi Specitically the model reguires st least three sets of date w
difterert wemperatures. These thila are uscelly trom mechanical propertios wsiire of o
soecimen after peing agad for s perod ol e al o particular emperature, With three
diftercrt sets. the data coaon be platted amd a rute cguation cias be develoned according to
the grap of the care Inorder for this tooworks there rouss be o clinee i the mechanical
pronertics ol the specinen. [0 uoknew iow longs owr elecinede woube bave gy be aped
ofore stontficant chanees would ocour which wonld allew tor such o derrvation,

b ordes o compare the models Jdiscassed ohose cs

ciiations were perfonmned for
sredicting the Dl ol aospecimen b head o o renmpaeraiare of 8370 for 2% days. This intormation s

cunlaedd mnothe table el

Table B.2: Compunsan of Accelorated Aging Mesdels az 00°C and 8539C for 28 duys

Model Author, Yeur Accelerated Aging | Predicled Aging
Temp (CfTimeidays Time(days{ Time(vears)

Crecep LarsendeMiller, 1952 fi) R L1071.5 3.2
Arrhenius Hemnerich, 998 () iy D (135
Based NANSNAL TUUY (30 2H 13h2 (3K
Dyavid Ldel, 1995 fi) 2N RS ] .43

[h&A ]_-Ji'll'l".ll'lllk‘;"'c_'\]“.‘l'i*\lLJ;lrLl. R ) N NiA M A
Creep LursendeMidior, [9a2 M3 oy 33550 161 50}
Arrhenius Hennuerich, 1908 53 M 264 0.7
Based NAMS AL TUUS 53 _N TRA2 212
Dhiavid Fuel Tes =3 N 423602 11.6]

D&A Domole A postonon, 19490 53 ik NiA M A

W huve chosen g tost ae-up e agine wl 85370 o 26 davs, According o the Hemmerich mode
this would only stnoiate 874 vear< According wohe Larsen Midler model. this simulates 16178

vears. Theretore we belove that the polvimers that are tested using the above parameters, e

heine aged somewhere hetween 28 dis s and To 8 sears
I swecterated uging . the medinim that the areria

Lo the actial environment as pessibles Inthe past we bave been using o phosshate

Frudterod salime soluior as our aging madienn NAMSA alwo uses o <saline solution, bae

is aeed i should be as sienlae

speciicwly note dhoat saine nrunies Bloed, We ae no pottng o clectrodes i aloed,
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they are aplanted withio e eameelbdar Toid CECT 0 Sarin order toosoralae the
electrode s sy witban the body . we need euse e medivm that > the st siodlar o
extracelalior rhuid, Accordieg fe Guoston, e composition of exiraectlnar fond s as
shoven i the Lable bolow . Three selutions that runie BOF cee clso show o,

Table B3 Comparison of Osewolarits i BExiaectlosar Flond (LECE:S Avaiciul Cerebral Spinal
oo pACSE L Paeodeestrace . ular Flad cPECT and Phosphate Budtersd Satine Salution

lons ECF_| ACSF | PECF | Saline
imOsmiiter of H20)

Na+ B =l 145 Zi15
K+ il 425 5 J
Ca++ 1.2 2 0 J
Kibshs 07 2 { 0

Ci- 0 141 118 150"
OG- 28 3 26 30 J
HEO4- 2P0 z 125 2 Sy
=024 0.5 7 o 2
Dextross il i [ J
Aoing Actdg 7 - o J
Crestire 02 ” ¥ J
| sctate 17 - g 4]
Slucose 5B o - 2
Fraotemn 0.2 o o o
Urea 4 o z o
Crhers 3.9 z o U

Total mQOsm/liter 300.8 338.5 300 486.9

pH 7.3 7.4 8.2 7.3

Previcns work dane sk acceiorasad g ased wian s tenmed o PreadoeseoraceTular Tloid
CPLECEL Thi<s o mediimibat s vers santhar te BOE Tor the 1on cencentrations. bue fees oohigsher
ptL This cae i pb s caused By e absenee of protein Butters, Azine mcdivns hine sine
mmrrored oyvoinchading the proper anuant of butfers, Artli ol Corebral Sponal Flund  ACSE s
sodutun thal cen be mixed many Laboratory and s also close o ECED The oo concentraniogs i
ACSE are very similar o LCE and the 2 1 almost exactly what s foand e the homane body.
Most rescarehiers wse saline or phosphiate burfered saline seleien. One auempt wiss made 1o use
ACSE which appeared to be acloser el o BCE ban the <aline, Using the ACSE w eleviated
femperinnres restlied i the eomation ol o precipitate. ol o better mcdin s Tound. the
phesphite hulfered salie solution will be nsed tor fnovive esting 1o samalute e within th
catrace oo flond of Tt by

Orvertin. suses dilfise i ot the sclution, ineeder o keep the selution close 10 ECE,
sases van be added, ar hebbledbthreun e U solution. Toe best mateh of FOF a5 10 hehble
throueh the selution o min ol 20 Oxvaen, 37 Caroen Dioades and 93% Nitragen. This st
5 comtznuenshy auahhled Beongh che aging mediune,
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SECTION COINYIVO EVALUATION OF ELECTRODES
C.1.2.3: Continuous torgue space

Abstract

The vbiective of s project wis o develon methodolozies to prsduce @ range of torgue
catput with wonerve cul? electrede, The abiliny o procuce o ranee of torgre outputs 1s oeeded, 1o
anerrl prostheses, to prodoce the cenplex muscle-actis ation patlerns e are segquired 1o
restore Suncion, Bused on the good results achies ed sl the presens mcse s based

dlntranusculur wod Epicysial eloctyodes wlditianad tuneiion is desired, Thess sresenn smoseie

Sl sastens reguere e cecmde wed el wire for caclomusele desiced for el prostheses
recruitmerl. A nerve-busod eocctrode ufers the potoriial o auhiviing ey midscies withi g
singie elecrode. Previcas stedios Riece shoson thean nerve col elecirodes have te pocential of
deiivaimez esny ditfesent mascles scrved by the nerves indivrdeal by and independeativ, By
adding the e deal outpats prodoced by these elecimodes coispies aotiviation patterns el by
noazal prostheses van be preduaced.
Activation ol multple muse

cs can be achioved usiiy stinlation Prom o maltipie contact
nerve cudbeieetrode. The et of mastor neuroes thist are sotvated car he <hitied witlin the nerse
B varvang the Jesed of stizwllation apphed todifferent contaets withon o maltizie contact cufT

clectode. Tnorder truvoud the Ineraction of mnbic:le Tield potenta < coch stimmutation pelse
st e ol et fromn cach of e ethor stimubaian pelses Poisosiody sargeted s delay between
pratbses ol waanld satisoy two condittans. The Nesteandition was that svens. pot activared D
ciliwr shnuilus alore were notactvoted by e combimatan of both sulaes. The secondd
comdition s that nao sinzie waon s activated maliple Dmes when the combined simutation
wos applied, Inell 23 mals performed on he sciic nerves al - catse oorainze of vioues for the
Jdelay between pubses oxpted thad sutstied bath cordittons, Dedaes between 700 and @O0 e
wers within the destred rimse of Je

avsin all 33 cases,
The waorlity to weled the output trom te e difterent stmalunon polses was wested i five

anienads, Dy cach anmual, oopair et e

cotrinde contrztrarions thad were believed o aotivie 1w e

different fuacicles were testad sidiv Gualiy wd tomethers A least ove didTerent

1n]itude
combmations were cppaed to the taeditferenn stioulation cortirusitions o cuck case. Foreacn
arepliride set endeduae stionalation of o configurations was pertormed belore and after euch
combined stirulabion The outul of the conbined stimciawn was then conipared 1o he
stsnition ol the varputs produced by eac imdividual stimualation. Toc 123 ol of 129 0als
deross the Tove ditferent wormess . e combined starulation was found b be sithin the 86G
confiddence mterval of the suny of the cotputy orodeced B caen mdividoal ssomutation, The
Importince of usig cordiouratons ihal soivated ciferent fascoies sas demanstrated by lesting
LW contiglrations s wers bedeved teoacivate the same Gascicie, When one confeurition wis
stimtlated ut an amplitade belicved 1o produce sets e of woneishboringe Lecicle, 4 ont o7 6
tratls produced wooembied stmalation that was vutside of the U89 conlideree interval tor the
sum ol e outputs producaed by cach ndividuad stiocadation, Based on tns sty L acdelay
Betweed sthmudatie:n pulses fol Qe Ter e cat sonitie nerved can be wsed 1o achies e oowide

range o torgue outmats based oneniy o fow ditferent aulput confizurations.
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Prowress
The ohjective of this work wiss to st deternomme 11 asmale e

cv lime ¢ be
successiuly used Toe all stisilution sets perferme:d omhe cal seatic nerve swith a cerve cut?
slectrede, Sevondlo idenmily wspectbe delay i one exdstsswhich can he used for atl st ation
sets. The wors i ris seenon was pertorned usinge cach ol the Teur comttucts lecaeed arowmd (he
setutic neeve tranks of Toar diterentwmmals. each rar the delay beiween two TORsce pulses
applied to the same contact was varieds Bl set was amalvzed woileternmine the beginning and
end of The pluean regien indeicating the end of the wilizadve region and the end ot the refractory
resion. respectively. Ao exanpie of oo st of data i< Husteated i Fracee G0 e Fraoee 01
delavs upr o T30 were cohie Taetltative resian. Pelses beraesr T30S and 30000 were toun
to produce o platew. This plaeen ehicates e faeiatative peried psooves Hut the end ol the
relractory perivd bos nod occamred vel A deuy af 30000 the torgue outpat wis Tound 1o
ierease, mehienting the retractory period Tor sone of the acevited tvons zad ended, Inoevery st
ol dtan oo pladesn wes olwersodl indicating thit the retractory tegion was consistently greler
s tbe tncihntve region. Aocumuatree histogran of all of the delays correspondmng with the
encs of the fuchiasve und refractors resions Froan A8 sets of duter see vlusicnted i Figure C20 A
region betveesn FUU and SO0 usee delay was Tound By be witer the ond ol e Leliatve region

tor all cases but before the eod of U relractory reedon inall cases,

LR . '
YT e lierory | [Kotractors [kt s
e ‘
+* L] |
— 15t - - |
" L
- s anlar .
T =t
Z PR R TR M
< A e e .
= T !
— T 'K *
[ .-
= .
et L L LTty o L SR [ — B,
~ AR L ] +
"
.-’l - »
-_— T A
_‘._. m axia ag . -
- " Lisa® o ¢ = W EzTaa w . @
=
' i Lk
H — ' —
1} [ Jui [ [ D)
=

Laclav (Lsd

Figere Co1= The orgue outsut produced by swo sdentical stomualation pebses applicad tnrough e
sawne elegtrode contisirmnen s shown buased on celey between the twoe adses The Tacilitiatory

ariaccl el st pudse bt then oty aezivated by tae

meriod, where nerve fbers ol depe
sucond puilses i Jousd o lusTup oo s by cases The retractony senod, where nerve fibers
it were tully activated By the st solse could sor be uctrwted by the sccond pelses was foond
s Lasbup o AEEILs 0 ths cuse The douhlet rezion cefoers to e tme after the end of the

relraetory peried when some nerve Bilbers ol tao achion potentzals srocuees,
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Cumulative Histogram of Facilitative and
Re_'_..f_l_"%‘ctury Regions {n=33)
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Figure C.2 — This ararh 15 a cumalative histovren of he deloys that indieate the end of the
Failitative segion ced the refracery regcion w33 data sels aequired acress Towr animals, A
Feeton boetween FOHE il D00 e delay wes Tound we be after the Tacilinaive regien and hetore

the end of the retreiory region i all cases,

Lising o 9000 see delay besween tao raigally exclusinee <inalaaon pulses, the resulting

net ot pit was comraned L the linear sommiction of the indnoduoal oergue outpes that were

proiaced by cach incrvicual stimlatton. The lergth of the delav sas sosed onthe preceding

wark suchotha the second palse swould tall afres the facilizasve pertad but betore the end of the
redractery period of The Dest pulse. Mutaal exchsien sous ased onusmz shimnualation
conlimarations thar were seleved o stmulae twe difterent Taseicles at snplitades thal were

abom o the conlipurations taatk o UHsee delovy using a particu.ar

below spillover. Fack stinm
set ol wnplitudes. vwous botly preceded and followed by stimadution of cack: conlizurton alane,
Arn example of connbined stimulation using the Biasec delay hetween sticied applied e swo
different contic! configurations s altastruted] i Figuie O30 The two dues hnes represent the
torgue output dae teene contigparation alone, The acrve schematic (o e vppes 2t corme: 1s
tsead Gl lustzate G Helie! thas tie ke confizuraton stimalated e bl tescwle (T and tae b
contrrurcion ~tealated the medsie gastrocnenuins Tascele (VG L The dotiin cross section s oot
at this Cme known sonee e cerse methe aeimal these dite weere codlected Tron Bes mal vel, ol the

tnae ol thes wrting, heen explaoted. The Lines shioswsa in Figure O3 represent a torgue outpar
prodiced by indsadual contiguration amd cacle intersecton, of cither the salicd lees or e
doted Boes, s location where oocombaned stulation would be credicted A total of 7

-
-
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amplitads combinutiocs onwnber vt locuions sl sintlar fines coossy acre stowen e s feuee.
b e case i actual and predicted terque vulpat seere tound 1w be witlim the 9x59% confldence
mterval of cach other. Between 2 ane 22 cosnbinaticos ot inoplitudes were perfommed o [0

al 129 et sets,

For cuck combined stimulation. o predicted eacput wis calvwdated s the swo of the loreue

difterent paars of clectode vonfieuraons weross 5 dirTerent animals for o tota

oulputs resultimg froem steucation of the indiadual confguratiens. T each case the difference
Jelbween the celuu

wnd predicted tergie oatputs woere compared e each individeal dimmension
iplantir flexion, Lateral roccion and everaonn Previess woork found the 9598 confidence interval
for pluntae Teswon luteral retution and eversion o he 3023 and 17 Necm, cespeetively. Fioure
Cod s g histogrant of the difterenees in che torgue produced meach dimmession. The doened
vorhicul hies tndicate o locuton of the 985 conlidence intersal for cach dimeeston, e
aviznher oo e ench remion mdicates the nonber of tmies e ditference between the actaad wnd
the predicted loreie outpos were e o ovear n it region, Or e 129 7swms™ pertormeqd.
cnly deises were Tound 1 e even one dilferenve 1

Foulside of the resaectve confidenge
reaivn. O the 4 cases Tewndan Brgoe C 40 T ocearrence was foand in plaotu Jexor, 2

cooirmenoes sere Towmd m lileri otation aid | oewvcrrenee was Towmd mnoesersian.

SUms
1 Fa
., w
MG .
Hil t. [ ]
4 r
~id £
¢
¢
i £ ™
| M4 ®
o] o
= &X 4 [} .:;a
= !
.z ¥
/_7- ! a
= s .
T Fo-mm o s s “ T owd
H / *
g ; i
= Iy
« !
= I
s .
= !
= P .
=9 ; c . N
had oe * ol °
- a - o e ) 1": L
x [ ..p la I - B
w
x
3
Lat=ra HAolation Targue [k-cmd -x

Figure O3 — This oraph Is o cxample ot the use o two different contigarations withe @ YO0 see
delaov te prodiee aosenmuistion of the lorgue aulpats frome cach of the individuad contizuraions.
The teoback Tines represent the torcue cnttput due o orne condizwratvon clone Fach iterseoiioe
Beswoon aw solid Tomes o two dested dmes I o lecation where ¢ combmed stimalation would b
predicted wnd Jound, Aowetal of T oomplittde comrhinatons inwmaer of locatoes where sonibar

[res cressd aoe =i this Fisuaee
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Histogram of Frequency of Torque Differences
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Figure C.4  Thes is acbosiograom of the nuniber of timmes the ditferenee botween the actual torguie
output wnd the predicied wargue output occurred within cacloregion. The predicted torgue output
wils Dased an the Tmear summation of cucl ingividuas] iorgue ouipus, Fhe 93% confidence
Ptervels wee stiean for the plantar Eesion, Bneral sottion ad eversion dicersions. A total 4 of
the 128 dilferenees woere Tonnd we e ouiside the S8 contidencs inwers als.

Discussion

A toreseeshle asage Tor nerve cuebeiectrades Is Tac the user [ uticol, ernginesr or doclor)
W Gealre o pasticlar lorgue e pot e preduee o desived motion, By applvase sbimualation o
rrultiple canucts, each of which activided difterent sets vl rerve fibers. @ range of toraue outpuls
were produced,

The use ol a time de
periods adter siimulatien. The refractony perod of an axen 1s the ame after an action polentii
durinyg which the eoon e e produce anotaer aetion potential, The Tacilitative period 1« tne

dvowas sealzned oomaxe use of she refractory and Ticilicnive

fire gler oostmudation dumng which an axon, s hich dees ot reach the threshold tor nroduciny
an awtion potenital, senmens partally depolarized . Doreg e tacilative perned. o stinmhinion
that would nermally be mm=alticient t prodace wn action potentis! i the partieadar s may
prociiee o action petenid due to e axon heiege oty depolarized. oo pulses aee
seprarwted by ade iy thar sy greater thantbe lengel of the Teihiive period but Less than the

lergth ol the reftactory periads the exclusive sir ol e two torgue ounets shauld be achieved.
In the case tha G two individest stmuelaooes activate exclusive sels of axons (e two different
Sascicles i the et ouul should e hincar stonnatien o the swoindivcidoal outpos. Thas work
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v costaned Lo lost Lhe Dvpothesss that by Usine o delay areatey thar the Taeitbiiosree period bt
within the retractory perioe, Pavestinaloon pulses can be used wy produce ar sdiliiee owput. A
deav hetweer THOLES and S00US was Touas e be after Uhe fwodizave pereesd bul before e end ot
the refractory pered for stimalatien freon o nerve cotf elecirode on the car senie nerve, These
resuits full wathin the sunees Soond by Pecklam [UY72] caing inoamuecular elecirodes e and
hoammans aond Divog ed 0PI T Runien e f299T i Yoshida aoad Tlorch [ TRI3] using
mtrafuscicniver elecirodes,

Baiod s the iz presen el in Bigare O the sum of (e torgue produced by two
meutually cxclustve stmiuliction contiguracons wich a Sdnsee detay swas Teond to prodoce o
Torgae opat thet was essenticily the Bnear sununaties of the wegoe predaecd by each
b i steuadation. In G eases, stimuletion was applicd wher one of tre sticialidion
cenfizurelions sere considered shove spillover o invesioate the resitn when e e stnlation
coniiguraliens we nobinulually oxclustve. The meascrned torgua vutput from the combimned
suimulatiear was Tawrd todirter froo the predicted torgue owpal By snore than the 984
confidenge inrerval m 4 et the 6 cases. Do Froore CO80 che 4 cuses are broken dewn e 2 cases
whiers twe currens appeicil o confizursiion Lwes 24mA topen arros s 2 cases where the
cusrent applivad te confisura s Buwas 2 7oA csalisharren s e dotted vector lines
ipprosariate the eaopected torgue ootout based on what stmuadion of the Te conthguration alone
procuced, Tthe twa cases tewhiiel the diference was oo Tound o exceed the confidence

crterval fnoted by e sertioal arrows i the stmchicion Tabelad Tain Figwre 8 wos ol uovery Jow
eveis D1 possible that even hoogh one stimaliatien may have been <pilling over wthe wdjacent
Fascrcle, e aotial <ot ol wenss stimlated By te teeoindividas ! stencebaion conhieuration mav
e stll heen pacszally ee complez ooy cxclasive. This concepl s doestrated mothe
upprer lerscorner of Breare 50 Conliouration [ may have aciivated Dbers o the aonud (TS
Sascicle tha wore nosaetivated by the Lconfguration. This s onle asolinseration o one

pasathiliny and s nol neeessarthy the uetual criciianen o Lie fasereles within the nerve sinee this
1orve s nol yet been axplaniud.
Bused vn this work, s Hnear scomumnen oD nultiple stmation eulpats can be produced

by applving odeley betweer the two shonelaczon palses. Tnothe cal soace nerve, o 9000see delay
was found sutliemens [0 the two stimudanon contigarations are totmatualiy exelusive i the

wxont popitation that they aotvaie. twe net oupos woli noe be tie simple sum el e two Dndivrduoal

oulpulse This concept b been wsed by other myvestizilons as o meisure of siimulatiosn over

P, el 1O Ronten, of of P99 Yoshido and Horcln 2293]0 Using the wechnigue

prescried hores oo cantral systery can ne develo

ap

el Tor an end user i produce any range of ouiput
withon the prvstolosical range. The net result shoold beanmnoresse i the funeonmaling of now

reurd: prostheses.
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Figure C.8 — The resudts of ~cioalating cwo ditferent contizaratons ola and Ty were fimmid o be
wizhon the YRS combdenee mterval Tor all data seis withun the shaded paralleogram. OF the 6
cises where [hwos stimualined atw level that was abier spiilover, b eases produced outpus the
wiis ol wilhio the 955 contidenee interval, The dotted vector s approsamate the nagnitude
ol toraue outpul that T shoukd boave added. The 2 cases that were wathon she 9895 canfidence
reterval sooted witk the vertical arrows i used 2imall current amesiades oo Tu 02207 wnd 2305
wAmps I possiboe tat ever theash Ih had reached spi

lover, the tibers thes were activired
e Looancd ywere soll partially or completely snwually eaclusives Anoallestratian ar this coneepl
Is shown i the upper lelt coreer,
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